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Abstract
Arbuscular mycorrhizal (AM) fungi are hypothesized to assist growth of northern whitecedar in acid peatlands, yet there is little direct evidence that they can provide sufficient
resources, especially nitrogen (N), from unfertilized peat soils. Our objective was to
determine mycorrhizal efficacy to support cedar growth and nutrient supply as part of a
low-impact approach for ecological restoration of cedar in peatlands. We tested the effectiveness of AM inoculation in a greenhouse experiment in factorial combination with fertilization and liming. We also determined AM colonization rate in the different treatment
combinations. We found that AM inoculation in the absence of fertilization significantly
increased all growth parameters, phosphorus (P) concentrations, and N, P, and copper (Cu)
content of the seedlings, and decreased N:P ratios. Fertilizer alone had a similar impact
on plant growth and nutrient acquisition when compared to un-fertilized AM inoculation
treatments. Liming alone was ineffective at increasing cedar growth and nutrient uptake.
There were many interactions of AM inoculation with liming and fertilization. Specifically,
the positive effect of AM inoculation on many growth and nutrition metrics was strongly
reduced in the presence of fertilization, whereas the P benefit of mycorrhizas appeared to
increase under liming. We conclude that addition of AM inoculation alone improved cedar
growth and P acquisition, reducing the need for fertilizer and lime in peatlands. However,
seedling N limitation might be a problem in strongly N-deficient peat soils.
Keywords Northern white-cedar · Growth rate · Mycorrhizal effect on nitrogen:phosphorus
ratio · Stoichiometry · Liming
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Introduction
Northern white-cedar (Thuja occidentalis L; cedar hereafter) grows in a variety of habitats including mesic forests, limestone cliffs, sand dunes, riparian systems, abandoned
farm fields, and swamps (Johnston 1990; Kost et al. 2007; Zenner and Almendinger 2012).
Cedar is a dominant tree in rich swamps or forested rich fens with calcium rich groundwater and a pH above six in northeastern North America (Johnston 1990; Fraver et al.
2009; Ott and Chimner 2016). Although cedar is most dominant in high pH soils, cedar
can also be found in more acidic soils (pH < 5.5), often as an associate species in mixed
stands (Johnston 1990; Hofmeyer et al. 2009). Cedar swamps are a valuable ecosystem in
the Great Lakes region. They are a large carbon sink in the Great Lakes region (Ott and
Chimner 2016), are valuable wildlife habitat, particularly as thermal cover and browse during winters for deer (Rooney et al. 2002; Boulfroy et al. 2012), and are one of the most
biodiverse ecosystems in the region (Kost et al. 2007). Cedar occupies more than 2 million
hectares of commercial forest land in the northern Lake states and is an important forestry tree because the rot- and termite-resistant wood is used for products in contact with
water and soil (e.g., houses, fence posts, decks, saunas, furniture and shingles) (Johnston
1990). However, despite the importance of cedar swamps, they are an endangered ecosystem because there has been a problem regenerating cedar for over 70 years (Heitzman et al.
1997). In addition, cedar in upland habitats has undergone drastic declines over the past
century (Zenner and Almendinger 2012).
Efforts are underway to better manage and restore cedar in both swamp and upland
ecosystems over a range of habitat conditions, including pH (Kangas et al. 2015; Palik
et al. 2015; Danneyrolles et al., 2017). In addition, because cedar has few pests or diseases (Johnston 1990), it is also being considered as an alternative species for planting in
forested wetlands that are undergoing high mortality due to pests. For instance, cedar was
found to be one of the viable species for planting in black ash forests that underwent simulated emerald ash borer (Agrilus planepennis Fairmaire) infestation (Bolton et al. 2018).
As Minnesota is in the midst of an eastern larch beetle (Dendroctonus simplex LeConte)
outbreak that has infected more than 440,000 acres of tamarack (Ward and Aukema 2019,
cedar was also test planted in place of tamarack (Larix laricina (Du Roi) K. Koch) and
was also found to be a viable alternative species (Schwartz 2016). Tamarack grows over a
broad pH range (4.3–6.9; Uchytil 1991), so understanding the factors affecting the ability
of cedar to establish over this range is important. Little is known about establishing cedar
in more acid sites, but if cedar is to be considered for restoration in a range of habitats,
more information is needed on controls on cedar establishment over an ecologically relevant range of soil acidity.
Historically, both fertilization and liming have been commonly used to improve
seedling growth in marginal soils during restoration (Moore et al. 2000; Walker 2002;
Jonard et al. 2010; Pabian et al. 2012). However, these practices can be costly and lead
to eutrophication and accumulation of heavy metals in soils, aquatic ecosystems, and
plants (Simola 1983; Brække 1999; Savci 2012; van der Ent et al. 2013; Marchand
et al. 2014). Another option is using arbuscular mycorrhizal (AM) fungi that colonize
cedar (Brundrett et al. 1989; Matthes-Sears et al. 1992; Bainard et al. 2011) and may
assist its colonization in nutrient-poor peat soils by enhancing nutrient, especially P,
uptake. However, AM fungi are relatively uncommon in many acidic peatlands dominated by ectomycorrhizal, ericoid mycorrhizal, or non-mycorrhizal plants, so inoculation with AM fungi could be especially important if naturally inoculum sources are
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limited. It is largely unknown whether AM fungi can play an important nutritional
role for cedar colonization in these more acidic peatlands. Mycorrhizal inoculation can
effectively reduce fertilizer (N and P) use by enhancing host plant capacity to take
up these nutrients from soil (Singh 1998; Tawaraya et al. 2007). However, AM fungi
effectively overcome P limitation but not N limitation (Hoeksema et al. 2015). Given
that acid peatlands are commonly N limited, it is important to understand whether AM
inoculation can be effective in these peatlands.
Both fertilization and liming could also reduce the efficacy and abundance of mycorrhizal fungi (Treseder 2004). Fertilizers, through enhancing N and P, generally eliminate nutritional benefits of mycorrhizas (Nijjer et al. 2010; Johnson 1993). A mutualism commonly occurs in high N and low P, whereas little or no benefit to hosts is more
likely under low N and high P (Johnson et al. 2014). Liming could also alter the benefit
of AM fungi because increasing pH from acid pH to about pH 7, increases availability
of inorganic P (Schlesinger 1997), and reduces amount of fungi (Ivarson 1977). However, at pH > 7, P availability declines again and so mycorrhizal colonization and benefits could increase (Anderson et al. 1996; Børja and Nilsen 2008).
Copper availability in organic soils is generally low and can limit plant growth
(Rehm 2002). Cu uptake by AM fungi might be hampered under high P concentration, which likely reduces absorption of Cu by plants (Lambert et al. 1979). However,
the AM role in Cu acquisition is still unclear (Leyval et al. 1997). Some studies found
increased Cu absorption by AM plants (Killham and Firestone 1983; Weissenhorn
et al. 1995) whereas others showed the reverse (Leyval et al. 1991).
Given the paucity of information on the effect of AM fungi on cedar seedling
growth and macro- and micronutrient uptake on poor peat soils, our objective was to
fill this gap. The aims of the greenhouse study were to test whether (1) AM inoculation increased growth of cedar seedlings in peat soil, and (2) fertilization and liming
of the soil modified results of inoculation. We hypothesized that (1) AM inoculation
would increase cedar growth and P acquisition, driving plants toward N limitation; and
(2) the positive impact of AM inoculation of cedar would be reduced in fertilized and
limed seedlings.

Materials and methods
Study site
A greenhouse study was conducted at the School of Forest Resources and Environmental Science, Michigan Technological University. Seeds of cedar were obtained from the
USDA Forest Service (J.W. Toumey Nursery, Watersmeet, MI). The peat soil (pH 4.4)
used for this study was obtained from a forested poor fen near Painesdale, Houghton
County, MI (N 47.01349°, W 88.43082°). The peatland is dominated by non-mycorrhizal mosses (Sphagnum spp. and Polytrichum spp.), dwarf shrubs belonging to Ericaceae colonized by ericoid mycorrhizal fungi, and trees dominated by black spruce
and tamarack colonized by ectomycorrhizal fungi. To avoid contamination with native
inoculum from sparsely distributed AM hosts, the soils were collected under Ericaceae
from an area with no cedar or other AM host species present within 100 m.
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Experimental treatments
Prior to sowing, cedar seeds were soaked overnight in cold water. The seeds were germinated on flats filled with a pasteurized (70 °C) mixture of vermiculite (Sunshine Vermiculite, Sun Gro Horticulture Canada Ltd) and potting soil (Sunshine Mix 1, Sun Gro
Horticulture Canada Ltd) with a 1:2 volumetric ratio. The seeded flats were placed within a
mist chamber in the greenhouse for approximately 2 months until the seeds germinated and
grew to an average height of 2 cm.
The experiment was a 2 × 2 × 2 full-factorial completely random experimental design
consisting of three factors: mycorrhizal inoculation (M), fertilization (F), and liming (L),
each with two levels (with and without the factor). Each of the eight treatment combinations was replicated ten times. We used Osmocote Plus 15–9–12 (N–P–K) slow release
fertilizer that included some micronutrients such as magnesium, sulfur, boron, copper, iron,
manganese, molybdenum, and zinc (Everris NA, Inc., Dublin, OH). For lime, we used garden and lawn lime (Mayville Limestone Inc, Mayville, WI) consisting of 22% calcium (Ca)
and 12% of magnesium (Mg). Fertilizer and lime were mixed with the soils about a month
prior to the initiation of the experiment, applied based on their manufacture’s recommendation, with dosage 1.65 g fertilizer/500 ml soil and 1.15 g lime/500 ml soil. As a result
of liming, initial soil pH for the unlimed and limed treatments were 4.38 and 6.21 respectively. Arbuscular mycorrhizal inoculum consisted of Rhizophagus intraradices, Glomus
mosseae, G.aggregatum, and Claroideoglomus etunicatum (Tri-C Enterprises, Chino, CA)
that contained 120 propagules/cc. Control inoculum material for other effects of inoculum
was pasteurized at 70 °C. Mycorrhizal inoculum was applied in the growing media when
the seedlings were transplanted. The inoculum was placed around seedling roots at the rate
of 3.4 g per seedling as recommended by the manufacturer. On uninoculated treatments,
the seedlings were given the same amount of pasteurized AM inoculum.
On March 12, 2014, the germinated seedlings were transplanted into Deepots 7 cm in
diameter by 25 cm tall (Stuewe and Sons, Inc. Tangent, OR) containing 500 ml unsterilized
field collected peat soils treated as described above. The pots were randomly arranged in
racks on greenhouse benches. Day length was set at 16 h with supplemental lighting via
Halco metal halide lamps (Prolume MP 400/BU), and temperature maintained at 22–24 °C.
Seedlings were watered daily using tap water.

Data collection
The seedlings were harvested on February 7, 2015, 11 months from their transplanting
date. At harvest, leader height and basal diameter of seedlings were measured. In addition,
shoots and roots of the seedling were separated. Roots were washed with tap water, 0.3 g
(wet weight) healthy fine root subsamples were taken from around the root collar where
new roots emerged for measurement of mycorrhizal colonization (see below), then residual
roots and shoots were placed into paper bags and oven dried (65 °C) until their weights
were constant. After drying, we measured root and shoot dry weight.
To measure the effectiveness of mycorrhizal inoculum, we first cleared and stained the
roots following the protocol of Vierheilig et al. (2005). Briefly, this entailed clearing the roots
by submerging them in 30 ml 10% KOH solutions and placing them in a water bath at 90 °C.
When KOH solution became colored, the solution was repeatedly changed until it remained
clear. Cleared roots were rinsed with DI water and stained overnight at room temperature with
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the staining solution containing Chlorazol E Black (CEB, Acros Organic (0.3 g), lactic acid
(100 ml), glycerol (200 ml), and DI water (200 ml). Finally, the roots were rinsed with DI
water and placed in destaining solution consisting of lactic acid (200 ml), glycerol (100 ml),
and DI water (400 ml). The destaining solution was changed until solution remained clear.
Roots were mounted on slides in PVLG gel, which is a mixed solution of DI water (100 ml),
lactic acid (100 ml), glycerol (100 ml), and polyvinyl alcohol (16.6 g) (van Diepen 2008).
Next, we scored the percentage of fungal colonization on the stained roots under the microscope, based on presence of AM and other fungal structures including aseptate AM hyphae,
septate non-AM hyphae, arbuscules, coils, and vesicles (van Diepen 2008). We measured the
percentage of colonized roots under 200× magnification, with a total of 100 root transects per
slide. Photos of mycorrhizal structures on colonized roots were taken using a microscopemounted 5.0-megapixel digital camera (Leica DFC480, Cambridge, UK).
We measured leaf nutrient concentration and content (N, P, C, and Cu) in dried cedar
leaves. The leaves were ground use a mortar and pestle, and analyzed at the Forest Ecology
Stable Isotope Laboratory at Michigan Technological University. For %C and %N we used a
Costech 4010 elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA, USA)
calibrated with atropine. For %P and %Cu, we used inductively coupled plasma optical emission spectrometry on a Perkin Elmer Optima 7000DV ICP-OES (PerkinElmer Inc., Waltham,
MA, USA) using the dry ash method (Miller 1998). Foliar nutrient content was derived from
dry mass and concentration data. To determine the efficacy of the liming treatment, we measured soil pH of each treatment at the termination of the experiment on pooled, 2 mm sieved
soils. We measured soil pH using a pH/conductivity meter (Denver Instrument Model 220,
Denver Instrument, Arcada, CO, USA). Soil pH at the end of the experiment was 5.96–6.14
for unlimed treatments, and 7.40–7.50 for limed treatments, with the pH increase attributable
to the use of tap water for watering.

Statistics
The effect of treatment factors on cedar growth metrics (height, diameter, biomass, and biomass allocation), nutrient status (concentration and content of N, P, and Cu; N:P), and percentage of mycorrhizal colonization were statistically tested in SAS (SAS Institute Inc., Cary, NC,
USA) using generalized linear models (GLIMMIX procedure). Models were 2 × 2 × 2 full-factorial with all 2 and 3 way interactions of the predictors (liming, fertilization and inoculation)
included. We accounted for lack of normality using transformations when needed, and lack of
homogeneity of variance was accounted for using an appropriate “group” term that permitted
analysis under heterogeneous variance. There was no transformation needed for the variables
height, total biomass, P and Cu content, %Cu, and NP ratio. We transformed other variables
as following: square root for diameter, root biomass, root shoot ratio, N content; and log10
for shoot biomass, %N, %P. Response distributions were set at Gaussian, link function was
identity, and estimation technique was restricted maximum likelihood. We used a significance
level (alpha) of 0.05.
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Table 1  Percent root length with AM structures (aseptate hyphae, vesicles, arbuscules) and non-AM fungal
structures (septate hyphae) in cedar cleared and stained roots with 200× magnification
Treatment

Aseptate hyphae

Control

Ma
Fb
F+M
Lc
L+M
L+F
L+F+M
a

Septate hyphae

Vesicles

Arbuscules

0 ± 0.0

1.9 ± 1.1

0 ± 0.0

0 ± 0.0

9.9 ± 1.9
0 ± 0.0
2.7 ± 1.1
0 ± 0.0
11.7 ± 2.6
0 ± 0.0
2.7 ± 0.9

5.2 ± 2.3
1.3 ± 0.9
15.3 ± 9.9
0 ± 0.0
0 ± 0.0
0.3 ± 0.3
1.2 ± 0.7

0.8 ± 0.8
0.1 ± 0.1
0.4 ± 0.4
0 ± 0.0
0.8 ± 0.3
0 ± 0.0
0 ± 0.0

4 ± 1.9
1.2 ± 0.9
2.4 ± 0.8
0 ± 0.0
5.5 ± 1.9
0 ± 0.0
1.1 ± 0.7

M mycorrhizal inoculation; bF: fertilization; cL: liming

Table 2  P values for treatment
main effects and interactions
on AM and non-AM fungal
structures in the cedar stained
roots

Treatment Aseptate hyphae Septate hyphae Vesicles Arbuscules
L
F
M
L*F
L*M
F*M
L*F*M

0.6708

< .0001
< .0001
0.5520
0.6708
< .0001
0.5520

0.0373

0.3031
0.0893
0.4434
0.1208
0.2775
0.3493

0.6037

0.7154

0.2552
0.0514
0.6037
0.7553
0.1795
0.7553

0.1073
0.0002
0.1766
0.6666
0.0176
0.5733

Abbreviations as in Table 1. Bold equals significant, p < 0.05. *indicates interaction terms

Results
AM structures presence
AM fungal structures such as aseptate hyphae, vesicles, and arbuscules were more abundant in inoculated than uninoculated treatments (Table 1). The most common structures
were aseptate AM hyphae, which appeared in all inoculated treatments and no uninoculated treatments. Few arbuscules were observed in this experiment, and those that were
observed appeared to be degraded. Vesicles were also found in limited number. Septate
hyphae, indicating non-mycorrhizal root endophytes, were highest in the fertilized + inoculated treatment combination (Table 1). Within inoculated seedlings, mycorrhizal abundance was suppressed by fertilization, as evident in the significant F*M interaction terms
for aseptate hyphae and arbuscules (Table 2).

Seedling Growth
For virtually all growth metrics, there was a significant and roughly equivalent positive
effect of both fertilization and inoculation (Table 3; Fig. 1a–f). However, these effects
were mostly non-additive: the positive effect of both treatments was much stronger alone
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Table 3  P values of growth variables of the cedar seedlings
Treatments
L
F
M
L*F
L*M
F*M
L*F*M

Height (cm)
0.1508

< .0001
< .0001
0.0309
0.1998
< .0001
0.1334

Diameter (cm) Root biomass
(g)
0.6537

< .0001
< .0001
0.4070
0.8217
< .0001
0.8036

0.1807

< .0001
< .0001
0.0072
0.0034
< .0001
0.4054

Shoot biomass
(g)
0.0100

< .0001
< .0001
0.0465
0.3693
< .0001
0.6211

Total biomass
(g)
0.0021

< .0001
< .0001
0.0178
0.0005
< .0001
0.3414

Root shoot
ratio
0.2006

< .0001
0.0331
0.1451
0.0335
0.0431
0.2828

Abbreviations as in Table 1. Bold equals significant, p < 0.05

than when in combination, resulting in many significant treatment interactions (Table 3;
Fig. 2a–f).
In comparison with the other two treatments, the liming main effects were weaker, and
its interactions with inoculation and fertilization differed. There were significant negative
main effects of liming on shoot and total biomass (Fig. 1; Table 3). In the presence of fertilization, the negative effects of liming were reversed, leading to significant interactions for
height, root biomass, shoot biomass, and total biomass (Table 3; Fig. 1; interactions plots
not shown). In contrast, negative effects of liming were evident in the presence of mycorrhizal inoculation, leading to large reductions in root, shoot and total biomass in the mycorrhizal limed treatment relative to the mycorrhizal un-limed treatment, which manifested as
significant liming × inoculation interactions for root biomass and total biomass (Table 3;
Figs. 1, 2).

Nutrient acquisition
For P concentration and content of all nutrients, both fertilization and mycorrhizal inoculation showed the same positive effects, and both led to reductions in foliar N:P (Table 4,
Fig. 1). When combined, fertilization and inoculation had small or no additive effects,
leading to significant fertilization x inoculation interactions for all variables except %P
(Table 4; Fig. 2).
Liming showed different effects from both fertilization and inoculation. There were significant negative main effects of liming on %P, P content, and N content, and significant
positive main effects of liming on N:P ratio (Table 4, Fig. 1). Liming had a weak significant interaction with inoculation for both %N and %P (Table 4; Fig. 2). In both cases this
resulted from a positive effect of inoculation in limed treatments vs. negative (%N) or nonsignificant (%P) effects of inoculation in unlimed treatments.

Discussion
Overall, AM inoculation positively affected all growth metrics of cedar seedlings and
nutrient measurements except N concentration, supporting our hypothesis that on unfertilized acid peat soil AM fungal inoculation was able to improve cedar growth and nutrient supply, especially P, reducing the need for fertilizer and liming. Our study indicates
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Fig. 1  Effect of mycorrhizal inoculation, liming, and fertilization on growth of the cedar seedlings on: a
height; b diameter; c shoot biomass; d root biomass; e total biomass; f root shoot ratio. g N concentration;
h N content; i P concentration; j P content; k Cu concentration; l Cu content; m N:P ratio. Abbreviations as
in Table 1. Error bars indicate standard error. Note that for the non-mycorrhizal treatments the sample size
for analysis of P and Cu was only 5 because low needle biomass precluded analysis of the smaller replicates
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Fig. 2  Interaction plots for effects of fertilization (a–l) and liming (m–q) with mycorrhizal inoculation on
the seedling growth. Fertilization: a height; b diameter; c root biomass; d shoot biomass; e total biomass;
f root shoot ratio; g N concentration; h N content; i P content; j Cu concentration; k Cu content, and l N:P
ratio. Liming: m root biomass; n total biomass; o root:shoot ratio; p N concentration, and q P concentration. (M0 = uninoculated, M1 = inoculated, F0 = unfertilized, F1 = fertilized, L0 = unlimed, L1 = limed). P
values are for the interaction term, in the full model, for the variables included in each plot
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Table 4  P values of foliar nutrient variables of the cedar seedlings
Treatment
L
F
M
L*F
L*M
F*M
L*F*M

%N
0.0942

0.0004
0.9393
0.3606
0.0449
0.0172
0.1702

%P
0.0179

< .0001
0.0017
0.3818
0.0337
0.6661
0.4349

%Cu
0.0570

0.0208
0.0552
0.2655
0.7406
< .0001
0.1025

N Content
0.0072

< .0001
< .0001
0.8996
0.3874
< .0001
0.3030

P Content
0.0263

< .0001
< .0001
0.5896
0.1655
0.0025
0.5844

Cu Content
0.4620

< .0001
< .0001
0.7241
0.4648
0.0009
0.9190

N:P Ratio
0.6272

< .0001
0.0139
0.0869
0.5446
0.0145
0.9490

Abbreviations as in Table 1. Bold equals significant, p < 0.05

that mycorrhizal growth response (MGR) for cedar was very strong and positive. Likewise, we found mycorrhizal inoculation effects on host growth primarily in the absence
of fertilization. The fertilization treatment reduced efficacy of AM fungi (Figs. 1, 2),
whereas liming marginally increased efficacy.
Many studies have found that benefits of AM fungi for plants are predominantly
obtained in sites with limited nutrients, especially P (Liu et al. 2000; Tawaraya 2003;
Smith and Read 2008; Smith and Smith 2011). This is consistent with their importance
in enhancing plant P uptake, whereas their role in N uptake is less clear (Smith and
Smith 2011). Mycorrhizal inoculation was able to reduce the foliar N:P ratio, which
is a good indicator of increasing P availability to the plants. These results suggest that
availability of the limiting resource (P) stimulated plant growth with an assumption that
other resources were not limiting. Liebig’s law of the minimum states that plant growth
is predominantly determined by the most limiting resource, although plant growth is
often co-limited by multiple resources (Harpole et al. 2011; Johnson et al. 2014). Tissue
N concentration, P concentration, and N:P ratios in our study reveal that mycorrhizal
inoculation successfully reduced P deficiency, but may have driven plants towards N
limitation (Fig. 1). In general, tissue N:P > 16 indicates P limitation (Koerselman and
Meuleman 1996; Johnson et al. 2014), where AM fungi act as mutualistic symbionts,
supplying surplus P to hosts. Meanwhile, tissue N:P < 14 indicates potential N limitation
where AM fungi might act as commensal or parasitic symbiont (Johnson et al. 2014).
For conifers the thresholds are similar: the N/P that indicates possible P deficiency is
12.5, and P deficiency is clearly indicated at 16 (Ballard 1985). By this criterion all of
the mycorrhizal treatment combinations are N deficient. In a congener (Thuja plicata),
the moderate deficiency threshold for nitrogen is 1.5% and for P is 0.13% (Walker et al.
1955; Ballard 1985). By this criterion, the unlimed non-mycorrhizal seedlings were just
below these deficiency levels for N and the mycorrhizal treatment was below the deficiency threshold for %N suggesting high potential for N limitation. However, although
the mycorrhizal plants tended to go up in P concentration, when unfertilized they were
still below the critical threshold.
We found that the effect of inoculation on host N depended on the liming treatment,
with a slight decline in N concentration with inoculation in the unlimed treatment vs.
a slight increase with inoculation in the limed treatment (Fig. 2p). This increase might
have been due to higher nitrification under the higher pH conditions (Ste-Marie and
Paré 1999). Thuja plicata has been found to grow better with nitrate than ammonium as
an N source (Krajina et al. 1973).
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Although AM fungi are capable of N acquisition from either inorganic or organic forms
(Smith and Smith 2011), many studies report that AM fungi do not increase N availability
as much as P availability (Liu et al. 2000; Valentine et al. 2001; Jin et al. 2012). In acidic
peatlands, where N is often limiting (Bayley et al. 2005) and ectomycorrhizal and ericoid
mycorrhizal species have specific adaptations to increase organic N uptake (Smith and
Read 2008) that could reduce the efficacy of AMF of cedar relative to competitors. Under
limited soil N availability, AM fungi cannot supply sufficient N to their hosts (Hoeksema
et al. 2015). There are several possible reasons for this. First, their N demand (per unit
biomass) is higher than their hosts (Johnson et al. 2014; Hodge and Storer 2015), and it
is assumed that AM fungi use N to fulfill their own nutritional needs before supplying it
to host plants. AM extraradical hyphae had N concentration seven- to ten-fold higher than
that of plant shoots and roots (Hodge and Fitter 2010). Second, in pot experiments AM
external hyphae and plant root systems have to compete using the same soil volume so it is
less likely AM external hyphae would explore different soil resources (Hodge 2000, 2001).
However, this would also be true for P, yet we see a clear P benefit. Third, AM fungi lack
the extracellular proteases and oxidative enzymes that can mobilize N from protein polyphenol complexes that can dominate N availability in peat soils (Read et al. 2004).
Regulation of Cu uptake is a critical challenge for plants, because both deficiency and
excess can be detrimental to plant growth. Although all treatments were several-fold above
the deficiency threshold of ~ 4 ppm for other conifers (Schmitt and White 1988), our findings indicate that AM fungi reduced rather than enhanced foliar Cu concentration, with
uptake not keeping up with pool dilution associated with enhanced growth. Reduction of
Cu concentration in the roots and shoots has been reported (Zhang et al. 2009; Meier et al.
2015). Timmer and Leyden (1980) reported a negative correlation between P availability
and Cu uptake by plants, where increasing P supply led to diminished Cu acquisition by
plants. In addition, increasing Cu uptake is also influenced by N, when soluble organic N
associates with Cu and then is translocated throughout the plant (Singh and Swarup 1982).
Hence, if AM mediated proportional reduction of N uptake occurred, it might also negatively affect Cu uptake. Additionally, glomalin produced by AM fungi could decrease Cu
uptake by sequestering Cu and other heavy metals (Gil-Gardeza et al. 2014) and preventing
Cu transfer from the roots to shoots (Joner and Leyval 1997; Joner et al. 2000; Toler et al.
2005; Zhang et al. 2009). Whatever the mechanisms, we found no evidence that AM inoculation will help to overcome Cu limitations that can occur in peatlands.
Presence of AM fungal structures such as arbuscules and vesicles can vary both with
fungal species and hosts. Our study showed limited arbuscules and vesicles in AM-colonized cedar roots. Duke et al. (1994) suggested that lack of arbuscules might indicate plant
roots are in nutrient-rich conditions and the plant is less responsive to P supply by AM
fungi. Abbott et al. (1984) and Braunberger et al. (1991) stated that proportion of arbuscules to vesicles might be used to understand relative benefit of mycorrhizal fungi to the
plant. However, Brundrett and Kendrick (1988) suggested that arbuscules are ephemeral
structures that sometimes are not present if roots are sampled at the wrong phenological
stage. Consistent with this, most of the arbuscules we observed were in a degraded state,
perhaps reflecting the seasonal dynamics of these ephemeral structures.
Fertilization and liming have generally been applied to increase plant growth, improve
soil fertility, and reduce soil acidity in peatland restoration (Huotari et al. 2007; Bjork et al.
2010; Caporn et al. 2007), even though there are economic and ecological costs of these
practices. Our study showed benefits of inoculation are large in the absence of fertilization
at both moderately acid and mildly alkaline pH (Fig. 1), indicating that inoculation is an
important alternative to fertilization under these conditions.
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In conclusion, AM inoculation successfully improved nutrient status and growth of
cedar seedlings in acidic and mildly alkaline peat soils, with benefits approaching those
of fertilization. This indicates that AM fungi might be a preferable alternative to enhance
success of cedar restoration projects in areas with environmental sensitivity to liming and
fertilization. However, two factors might limit our ability to infer success in acid peatland
soil. First, our study was a greenhouse experiment, hence eliminating plant competition.
Presence of other plants might restrict cedar growth because other species have adaptations, including mycorrhizal partners better adapted to N uptake, which might favor them
in competition for limited N (Johnston 1990; Read et al. 2004; Weber et al. 2005), hence
enhancing N limitation of cedar. Second, AM efficacy is affected by environmental factors
(e.g., more acidic field pH in many Sphagnum peatlands) and given the pH range of our
tests, our inference regarding the most acid systems is limited. Therefore, the next step is to
perform field trials of the efficacy of mycorrhizal inoculation of cedar in peatlands over a
range of pH conditions.
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